To investigate the effects of nanoparticle content, storage time, and storage temperature on the storage stability of asphalt binders modified by nanoparticles, hot tube storage tests, softening point tests, and dynamic-shearing rheometer (DSR) tests were adopted to evaluate the properties of two kinds of nanotitanium dioxide (TiO 2 ) modified asphalt binders. A statistical one-way analysis of variance (ANOVA) test was employed to analyze the effects of those variations on the storage stability of the nano-TiO 2 modified asphalt binders. The results indicated that the softening point, the failure temperature, the dynamic-shear viscosity, and | * |/sin( ) of the binders increased with nanoparticle content. The storage stability of the binders decreased with nanoparticle content. The impact of storage time on the storage stability of the binders was remarkable when the storage time was more than 48 h. Moreover, the storage stability of the binders at low temperatures was better than that at high temperatures. Based on the one-way ANOVA, the size of nanoparticle had little influence on the storage stability of the nano-TiO 2 modified asphalt binders in this study. Reducing the nanoparticle size cannot effectively enhance the storage stability of the nanoparticle modified asphalt binder due to the agglomeration of nanoparticle.
Introduction
Nanomaterials have application in asphalt mixtures with increase of performance requirement of pavement [1] . The one dimension of nanomaterials is usually less than 100 nm which has a larger surface area-to-volume ratio than that of conventional materials, so that nanomaterials have some special properties to improve the performance of asphalt mixture [2] . The nanomaterials using in asphalt construction include nanoclay, nano-SiO 2 , and nanotitanium dioxide (TiO 2 ) [3, 4] .
Nanoclay has a good compatibility with asphalt because of its special composite. The addition of nanoclay into asphalt is useful to improve the short-and long-term aging resistance of the modified asphalt binder. At the same time, it contributes to the physical, mechanical, and rheological properties of modified asphalt binder [5] [6] [7] [8] [9] . In addition, nanoclay can improve the rutting resistance of styrene-butadienestyrene (SBS) modified asphalt binder [10] .
Nano-SiO 2 also is added to an SBS modified asphalt binder in order to improve the performance of asphalt mixture. The research of Mojtaba et al. shows that the asphalt mixture using asphalt binder modified by nano-SiO 2 and SBS has better performance than the asphalt mixture using unmodified asphalt binder [11] .
TiO 2 has the special crystal structure which can absorb or catalytic decomposition part of automobile exhaust; thus it can be applied in road construction and play a significant role in promoting for environmental protection [12] . Due to the increasing awareness of environmental protection, more and more attention has been paid to the environmentfriendly roads. With the continuous increase in the number of car ownerships, automobile exhaust is one of the main sources of pollution [13] . The study of TiO 2 use in construction of pavement has gradually become a hot topic. Researchers in Japan, China, Italy, and France tried the photocatalytic decomposition of TiO 2 in the construction of roads [14] . Nano-TiO 2 has the advantages in both photocatalytic decomposition and the scale effect, so that nano-TiO 2 attracted the attention. In addition, nano-TiO 2 has a good shielding effect on ultraviolet (UV) light, which can be used as a UV absorbent to mitigate UV aging of asphalt [15, 16] . Xiao and Li evaluated the performance of the mixture used nano-TiO 2 as a modifier in SBS modified asphalt binder. Their research showed that the mixture using nano-TiO 2 and SBS composite modified asphalt binder had better hightemperature stability, water stability, and low temperature cracking resistance than those of the mixture using unmodified asphalt binder [17] . Hassan et al. studied the UV aging resistance of nano-TiO 2 modified asphalt binder. Nano-TiO 2 modified asphalt binder had the lower penetration loss rate, the lower softening point increase, and the lower ductility loss rate after UV aging than those of the ordinary asphalt binder, which indicated that nano-TiO 2 improved the UV aging resistance of asphalt binder [18] .
Those studies mainly focus on the effects of nanoparticles on the performance of the modified asphalt binders; however, there is still a lack of research on the effects of nanoparticles on the storage stability of modified asphalt binders.
When a modifier is added to asphalt binder, the variation in the storage stability of the binder should be changed [19] . Moreover, the storage stability could have an influence on the physical parameters of asphalt binder, such as density, softening point, viscosity, and rheological properties [20] .
Because the nano-TiO 2 has large surface area and high surface free energy, the agglomeration phenomenon is easy to occur. Deepening the understanding of the influences of the storage stability on the properties of asphalt binder is helpful to take corresponding measures to improve the storage stability, so it is necessary to study the storage stability of the nano-TiO 2 modified asphalt. This study adopted hot tube storage test, softening point test, and dynamic-shearing rheometer (DSR) test to investigate the storage stability of Table 1 . Two types of nano-TiO 2 from Nanjing Emperor Nano Material Co., Ltd., China, were selected for this investigation: the one with the average particle size of 50 nm was named TiO 2 -50 and the other with the average particle size of 100 nm was named TiO 2 -100. The characteristics of the two types of nano-TiO 2 are shown in Table 2 . The morphology of the nano-TiO 2 was observed by scanning electron microscope (SEM). The images of SEM are shown as Figure 1 . From Figure 1 , according to the scale in the images, the particle of TiO 2 -50 is pie-shaped with the diameter of about 100 nm and the particle of TiO 2 -100 is pie-shaped with the diameter of about 400 nm. In addition, the agglomeration of TiO 2 -50 is more obvious than that of TiO 2 -100.
Materials and Test Methods

Preparation of Modified Asphalt
Binder. The base asphalt was heated to 160 ∘ C in a small container until it flowed fully, and the temperature was kept constant. A certain amount of nanoparticle material was slowly added and mixed into asphalt under 3000 rpm for 30 min. Mixing was then continued at 160 ∘ C with 500 rpm for 30 min and the blend became essentially homogenous. After completion, the homogeneous modified asphalt binders were cooled to room temperature for further testing.
Two series of modified asphalt binders were prepared with the two types of nano-TiO 2 . The nanoparticle contents used in the tests were 0.50%, 1.00%, 1.50%, 2.00%, and 2.50% by weight of the corresponding blends. The base asphalt was also tested as a reference.
Test Methods
Hot Tube Storage Test.
In order to study effects of nanoparticle content on the storage stability of the modified asphalt binders, two types of modified asphalt binders with nanoparticle contents of 0.50%, 1.00%, 1.50%, 2.00%, and 2.50% were applied in this study for hot tube storage test according to the conventional procedure [21, 22] .
The modified asphalt binders were melted in an oven at 163 ∘ C and then poured into an aluminum foil tube (25 mm in diameter and 140 mm in height). The tubes containing the modified asphalt binders were sealed and stored vertically in an oven at 163 ∘ C for 48 h. The tubes were removed from the oven and cooled in a freezer at −20 ∘ C for 4 h to solidify the modified asphalt binders completely. The cooled modified asphalt binders were cut transversely into three equal sections. The modified asphalt binders from the top and the bottom sections of the same tube were applied for further softening point tests and dynamic-shear rheometer (DSR) tests.
To study the effects of storage time on the storage stability, the two types of the modified asphalt binders with a nanoparticle content of 2.50% were applied for hot tube storage test at the storage time of 6, 12, 24, 48, 72, and 120 h and at storage temperature of 163 ∘ C. To study the effects of storage time on the storage stability, the two types of modified asphalt binders with a nanoparticle content of 2.50% were applied for hot tube storage test at the storage time of 48 h and at storage temperature of 120 ∘ C, 163 ∘ C, and 175 ∘ C.
Softening Point Test.
The modified asphalt binders from the top and the bottom sections of the same tube were applied for softening point tests according to the standard test method ASTM D36. The difference of the softening points between the top and the bottom sections of the binders was calculated to evaluate the high-temperature storage stability of the modified asphalt binders. The DSR test was performed on the binders from the top and the bottom sections of the same tube using a TA rheometer, shown as Figure 2 . The test was performed under controlled strain loading conditions using stain 12% at frequency 10 rad/s at temperature 58 ∘ C. The test samples were diameter of 25 mm and thickness of 1000 m. Test procedure followed AASHTO standard TP 5.
The viscoelastic properties of the asphalt binder were evaluated by measuring the complex shear modulus * and phase angle . Superpave specification uses rutting factor * /sin( ) to characterize the high-temperature resistance to permanent deformation of asphalt binder. The principal viscoelastic parameters obtained from the DSR were the magnitude of the complex shear modulus ( * ) and the phase angle ( ) and | * |/sin( ) was calculated. The failure temperature and the dynamic-shear viscosity (| * |) at 135 ∘ C were determined following the Superpave mix design specifications. | * |/sin( ), the failure temperature, and the dynamicshear viscosity were used as indexes to evaluate the storage stability of modified asphalt binders.
Results and Discussion
Effects of Nanoparticle Content.
To study the effects of nanoparticle content on the storage stability of the nanoparticle modified asphalt binders, the asphalt binder samples with nanoparticle contents of 0.50%, 1.00%, 1.50%, 2.00%, and 2.50% after hot tube storage tests were applied to investigate the values of softening point, failure temperature, dynamicshear viscosity, and | * |/sin( ). (
1) The Effects of Nanoparticle Content on the Softening Point.
The results of the softening point test using the two types of asphalt binders modified with different nanoparticle contents were shown as Figure 3 . It can be observed that, with the increase of the nanoparticle content, the softening point of the asphalt binders modified by TiO 2 -50 and TiO 2 -100 increased gradually. Comparing the differences between the two modified asphalt binders, it can be found that the softening point of TiO 2 -50 modified asphalt binder was relatively large. A softening point gap was the difference of the softening point of the nano-TiO 2 modified asphalt binders between the top and the bottom sections in the aluminum foil tubes after the hot tube storage test. To evaluate the storage stability of the modified asphalt binders, the softening point gaps under the conditions of different nanoparticle content were calculated and the results are presented in Figure 3 . With the increase of the nanoparticle content, the softening point gap of TiO 2 -50 modified asphalt binder increased gradually and reached the peak at the nanoparticle content of 2.00%. Similarly, the softening point gap of TiO 2 -100 modified asphalt binder reached the peak at the nanoparticle content of 1.50% and decreased lightly after that.
It was considered that the dispersion of nanoparticle decreased with the increasing nanoparticle content and the agglomeration became more significant leading to the decrease of the storage stability of modified asphalt binders.
The softening point test is a common test for storage stability of modified asphalt binder. When the difference of the softening points between the top and the bottom sections of the sample treated for 48 h at 163 ∘ C was less than 2.5 ∘ C, the sample was considered to have good high-temperature storage stability [2] . Based on this principle, the two types of nano-TiO 2 modified asphalt binders had good hightemperature storage stability. The Krieger-Dougherty equation gives a description of the relationship between the particle volume fraction and the relative viscosity in a monodisperse system [23, 24] :
where is the relative viscosity, [ ] is the intrinsic viscosity, is the volume fraction, and max is the maximum volume fraction of the latex. According to (1) , it can be found that the larger the volume fraction, the more the relative viscosity, correspondingly, the higher the nanoparticle content, the more the dynamic-shear viscosity.
The dynamic-shear viscosity gaps under the conditions of different nanoparticle content are shown as Figure 4 . For the asphalt binders modified by TiO 2 -50 and TiO 2 -100, the dynamic-shear viscosity gap increased as the nanoparticle content increased. The results indicated that the difference of the shear viscosity between the top section and the bottom section in the aluminum foil tube increased with the nanoparticle content.
With the increase of nanoparticle content, the agglomeration of nanoparticle increased due to the effect of large surface energy. Besides, the interaction between the agglomerated nanoparticles and asphaltene molecules by Van der Waals forces transfers the dispersed system of modified asphalt binders from a stable state to a metastable state, attribute to decreasing the storage stability. method, the accuracy of the test is not high, especially for the modified asphalt with a small amount of nanoparticles. It was necessary to apply a high accuracy test method to investigate the storage stability, so DSR test was applied in this study.
The effects of nanoparticle content on the failure temperature are shown as Figure 5 . With the increase of nanoparticle content, the failure temperatures of the asphalt binder modified by TiO 2 -50 and TiO 2 -100 presented a continued slight growth. When the nanoparticle content increased from 0.50% to 2.50%, the failure temperature of TiO 2 -50 modified asphalt binder increased from 58.35 ∘ C to 62.21 ∘ C and that of TiO 2 -100 modified asphalt binder increased from 58.31 ∘ C to 62.09 ∘ C. Failure temperature gaps under the conditions of different nanoparticle content were also calculated and the results are presented in Figure 5 . The failure temperature gap of TiO 2 -50 modified asphalt binder steadily increased with the nanoparticle content and that of TiO 2 -100 modified asphalt binder increased slowly before nanoparticle content of 1.00% and then presented a larger rise.
Overall, the TiO 2 -50 modified asphalt binder and the TiO 2 -100 modified asphalt binder had similar change regulation of failure temperature over the nanoparticle content. Figure 6 . According to the curve of the | * |/sin( ) gap of TiO 2 -50 modified asphalt binder, the | * |/sin( ) gap increased slowly when the amount of TiO 2 -50 was less than 2.00%, while the | * |/sin( ) gap increased significantly in the amount of 2.50%. By contrast, the | * |/sin( ) gap of TiO 2 -100 modified asphalt binder showed a slow increasing trend in the range of test content of 0.50%∼2.50%. The results indicated that the nanoparticle content had effects on the | * |/sin( ). In general, the gap of softening point, the gap of failure temperature, the gap of dynamic-shear viscosity, and the gap of | * |/sin( ) increased with the nanoparticle content. For the asphalt binders modified by TiO 2 -50 and TiO 2 -100, the storage stability of nanoparticle modified asphalt binders decreased with the increase of the nanoparticle content, which could be mainly due to the agglomeration of nanoparticle increased with the increase of nanoparticle content based on the microscale analysis.
Effects of Storage Time.
To study effects of storage time on the storage stability of the nanoparticle modified asphalt binders, the two types of the modified asphalt binder samples with a nanoparticle content of 2.50% after hot tube storage tests at the storage time of 6, 12, 24, 48, 72, and 120 h and at storage temperature of 163 ∘ C were applied to investigate the values of | * |/sin( ). Figure 7 shows the effects of storage time on | * |/sin( ). For both TiO 2 -50 modified asphalt binder and TiO 2 -100 modified asphalt binder, the values of | * |/sin( ) were relatively small at the storage time before 48 hours and dramatically increased after 48 hours.
To analyze the effects of storage time on storage stability of nanoparticle modified asphalt binders, the | * |/sin( ) gaps under different conditions of storage time were calculated and are presented in Figure 7 . For TiO 2 -50 modified asphalt binder, the | * |/sin( ) gap had a trend of increase with the storage time before 48 hours and changed little after 48 hours. For TiO 2 -100 modified asphalt binder, the variation of | * |/sin( ) gap was like that of TiO 2 -50. The results indicated that the storage time had an impact on storage stability of nanoparticle modified asphalt binders and the impact was remarkable when the storage time was more than 48 hours. Moreover, it can be found that the | * |/sin( ) gap of TiO 2 -50 at 72 hours and that of TiO 2 -100 at 120 hours decreased lightly, that it was considered that both of the top and the bottom section of binder specimens were aged heavily, affecting the | * |/sin( ) gap when the storage time was more than 48 hours. Nanoparticles tend toward agglomeration to depress the surface energy based on the lowest energy principle [24] . With increasing storage time, the agglomerated nanoparticles will redisperse or escalate agglomeration resulting in reducing the storage stability of the modified asphalt binders.
Effects of Storage Temperature.
To study the effects of storage time on the storage stability of the nanoparticle modified asphalt binders, the two types of the modified asphalt binder samples with a nanoparticle content of 2.50% after hot tube storage tests at the storage time of 48 h and at storage temperature of 120 ∘ C, 163 ∘ C, and 175 ∘ C were applied to investigate the values of | * |/sin( ). The | * |/sin( ) gaps at different storage temperatures were calculated to analyze the effects of storage temperature on the storage stability and the calculation is presented as curves of | * |/sin( ) gap in Figure 8 . It can be seen from Figure 8 that the two kinds of modified asphalt binders had similar | * |/sin( ) gap variation with the storage temperature: the | * |/sin( ) gap between the top and bottom section was smaller at low storage temperature (120 ∘ C), the | * |/sin( ) gap was larger at 163 ∘ C, and the | * |/sin( ) gap slightly rose when the storage temperature rose to 175 ∘ C. It can be found that storage temperature had an influence on the storage stability of nanoparticle modified asphalt binders. The storage stability of nanoparticle modified asphalt binders was better at low temperatures than that at high temperatures.
A nanoparticle modified asphalt binder is a dispersed system. The molecular heat motion in the dispersed system of the modified asphalt binders increased with temperature. The agglomerated nanoparticle and micelle composition of heavy asphaltene trended to sink at high storage temperature resulting in | * |/sin( ) gap increasing. Consequently, the storage 
Analysis of Variance (ANOVA)
In statistics, analysis of variance (ANOVA) is an important technique to determine whether there is a significant difference between two or more sample means of populations [25, 26] To statistically evaluate the effects of nanoparticle size, nanoparticle content, storage time, and storage temperature on the storage stability of nanoparticle modified asphalt binders, one-way ANOVA (single factor) was carried out in this research.
(1) ANOVA of Nanoparticle Size. The one-way ANOVA (single factor) was carried out in this research with 95% confidence interval ( = 0.05) to determine whether there was a significant difference of the storage stability between TiO 2 -50 and TiO 2 -100 groups. The primary variables included softening point, failure temperature, dynamic-shear viscosity, and rutting factor (| * |/sin( )). The null hypothesis tested by ANOVA is that the population means for all conditions are the same. The hypotheses for the two-tailed test were as follows.
The Null Hypothesis, H 0 . The storage stability of the TiO 2 -50 modified asphalt binder was similar to that of the TiO 2 -100 modified asphalt binder.
The Proposed Hypothesis, H 1 . The storage stability of TiO 2 -50 modified asphalt binder was different from that of the TiO 2 -100 modified asphalt binder.
If the null hypothesis was rejected as the significance value was smaller than the significance level, (0.05), then it can be concluded that at least one of the population means was different from at least one other population mean. Therefore, the two populations were found to be statistically significantly different. Table 3 presents the ANOVA between the TiO 2 -50 and TiO 2 -100 groups.
From Table 3 , the significance value of 0.736 in softening point was larger than (0.05); thus the proposed hypothesis was rejected and it indicated that there was no significant difference of the storage stability between TiO 2 -50 and TiO 2 -100 groups according to the softening point.
Correspondingly, it can be seen from Table 3 that the significance value of 0.890 in failure temperature, the significance value of 0.711 in dynamic-shear viscosity, and the significance value of 0.668 in rutting factor were larger than (0.05). The one-way ANOVA with single factor showed that there was no statistically significant difference of the storage stability between TiO 2 -50 and TiO 2 -100 groups based on the indexes of failure temperature, viscosity, and rutting factor.
The test of one-way ANOVA indicated that the nanoparticle size had no significant influence on the storage stability of nanoparticle modified asphalt binders, which could be mainly due to the fact that the agglomeration of nanoparticle reduced the dispersion of nanoparticle in the dispersed system of modified asphalt binder and the difference of size effects for nanoparticle on the storage stability. The StokesEinstein equation provides an estimate of the terminal velocity of a particle in a dispersed system [27] :
where V is the terminal velocity, is the particle diameter, Δ is the density difference between dispersed phase and continuous phase, is the gravitational acceleration, and is the continuous phase viscosity.
From Figure 1 , the agglomeration of TiO 2 -50 is more obvious than that of TiO 2 -100. The agglomeration of TiO 2 -50 will escalate in the dispersed system of modified asphalt binder to further increase the terminal velocity of the agglomerated particles to sink. Therefore, reducing the nanoparticle size cannot effectively enhance the storage stability of nanoparticle modified asphalt binders, but improving the dispersion of nanoparticle was thought to be a positive method.
(2) ANOVA of Nanoparticle Content. To analyze the effects of nanoparticle content on the storage stability of nanoparticle modified asphalt binders, the one-way ANOVA was also employed. The hypotheses for the two-tailed test were as follows.
The Null Hypothesis, H 0 . The storage stability of the modified asphalt binders was the same in the conditions of different nanoparticle content.
The Proposed Hypothesis, H 1 . The storage stability of modified asphalt binder was different in the conditions of different nanoparticle content. Tables 4-7 present the variance analysis of softening point, failure temperature, viscosity, and rutting factor between the groups of different nanoparticle contents.
As shown in Table 4 , the results of the ANOVA indicated that the significance value of 0.020 in softening point was less than the significance level, = 0.05; therefore, it can be concluded that there was enough evidence to suggest a difference between the groups of different nanoparticle contents. It can be found that there is a significant difference between the groups of different nanoparticle contents in the softening point value.
According to one-way ANOVA in Tables 5-7 , it suggested that there were significant differences in failure temperature, viscosity, and rutting factor between the groups of different nanoparticle contents, which was further verification of the effects of nanoparticle content on the storage stability of nanoparticle modified asphalt binders.
The test of one-way ANOVA with single factor showed that there was a statistically significant difference between the groups of different nanoparticle contents. It could be learnt that the nanoparticle content of 0.50%∼2.50% had a significant influence on the storage stability of asphalt binders based on the ANOVA. The results of ANOVA between the groups of different storage time on rutting factor are shown in Table 8 . The results showed that the significance value of 0.03 was less than (0.05). The null hypothesis was rejected; thus, it can be concluded that there was a significant difference between the groups of different storage time concerning the rutting factors.
The ANOVA indicated that storage time had a significant influence on storage stability of nanoparticle modified asphalt binders.
(4) ANOVA of Storage Temperature. The test of ANOVA on rutting factor between the groups of different storage temperature was applied to investigate the effect of storage temperature on the storage stability of nanoparticle modified asphalt binder. The hypotheses for the two-tailed test were as follows.
The Null Hypothesis, H 0 . The storage stability of the modified asphalt binders was the same in the conditions of different storage temperature.
The Proposed Hypothesis, H 1 . The storage stability of modified asphalt binder was different in the conditions of different storage temperature.
The results of ANOVA between the groups of different storage temperatures on rutting factor are shown in Table 9 . The significance value was less than (0.05). The null hypothesis was rejected, so it can be concluded that there was a significant difference between the groups of different storage time. The results indicated that storage temperature had a significant influence on the storage stability of nanoparticle modified asphalt binders.
The results of ANOVA further verified the previous analysis of the tests on the modified asphalt binders. In order to improve the storage stability of nanoparticle modified asphalt binders, proper nanoparticle contents, lower storage time, and temperatures can be chosen. At the same time, it is important to improve the dispersion of nanoparticle modified asphalt binders.
Conclusions
This study adopted the hot tube storage test, the softening point test, and the DSR test to investigate the storage stability of the nano-TiO 2 modified asphalt with the variation of nanoparticle content, storage time, and storage temperature. Based on the results and the ANOVA, the following conclusions can be drawn:
(a) The storage stability of nanoparticle modified asphalt binders decreased with the nanoparticle content.
(b) The storage time had an impact on storage stability of nanoparticle modified asphalt binders and the impact was remarkable when the storage time was more than 48 h. It is necessary to take measures to improve the storage stability of nanoparticle modified asphalt binders when the storage time was more than 48 h.
(c) The storage stability of nanoparticle modified asphalt binders at low temperatures was better than that at high temperatures.
(d) Reducing the nanoparticle size cannot effectively enhance the storage stability of the nanoparticle modified asphalt binder due to the agglomeration of nanoparticle.
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